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ABSTRACT
This paper outlines a computational model of noise radiation from a realistic engine exhaust
geometry with flow. The computational model described allows acoustic waves, propagating
inside the bypass duct of a generic aircraft engine, to be admitted into a computational domain
that includes the aft duct section, the exit plane of the duct, and the jet flow immediately
downstream. The method has three parts: a matching process to admit acoustic waves into the in-
duct propagation region; near field propagation inside the duct and diffraction at the lip of the
exhaust duct; and an integral surface for far field directivity. In this model the near field
propagation is determined by a numerical solution of a 2.5D form of the linearised Euler
equations. The mean flow about which the equations are linearised is assumed to be axisym-
metric. The proposed method is illustrated through a case study on the radiation of a typical fan
assembly generated acoustic wave from a generic engine bypass duct. Inside the duct, an acoustic
wave of circumferential order m = –13 and comprising five radial modes (n = 1 – 5) is admitted
into the model as inputs on the boundary of the computation domain. The radiation of the acoustic
wave through the exhaust geometry and mean flow is determined, with the effect of acoustic
treatment through the inclusion of lined duct sections also examined.
1. INTRODUCTION
The development of high bypass ratio turbofan engines has led to more prominent tonal
noise, generated by the fan assembly. An accurate model of the propagation of tonal
noise within and away from the engine would prove a valuable tool in determining ways
to help alleviate the fan tone noise problem. The rearward exhaust duct radiation
problem is, by nature, difficult. In the case of radiation from either a bypass duct or a
core exhaust nozzle, there are issues associated with the presence of a shear layer
between the exhaust flow and the external stream. Several models for the exhaust
problem have been presented [l, 2, 3], however, there are additional features such as the
unsteady nature of the shear flow which so far have not been accounted for.
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A computational model used to determine the propagation and radiation of acoustic
waves from aircraft engine intake and exhaust ducts is outlined. It is applied to the case
of noise radiation from a realistic high bypass engine exhaust geometry with flow. The
present method is based on the computational aeroacoustics (CAA) approach. CAA is
concerned predominantly with obtaining time-accurate numerical solutions of
aeroacous-tic problems, through the use of low dissipation and dispersion time and
spatial numerical schemes. The computational model described here allows acoustic
waves, propagating inside the bypass duct of a generic aircraft engine, to be admitted
into a computational domain that comprises the aft duct section, the exit plane of the
duct, and the jet flow immediately downstream. The details of the model and its
application to canonical test cases have been presented in previous publications [4,5].
The model has also been applied to the engine inlet noise radiation problem [6].
The model has three parts: a matching process to admit acoustic waves into the in-
duct propagation region; near field propagation inside the duct and diffraction at the lip
of the exhaust duct; and an integral surface for far field directivity. The wave admission
is realised through an absorbing non-reflecting boundary treatment which admits
incoming waves and damps spurious waves generated by the numerical solutions. The
wave propagation and diffraction are calculated by solving the linearised Euler
equations (LEE), using a high-order compact scheme [7]. Using the LEE to model the
near field noise propagation has certain advantages as the equations admit entropic,
vortical and acoustic disturbances, and allow for non-uniform mean flows. For CAA
methods, a finite computational domain is required, leading to the requirements of non-
reflective acoustic boundary conditions and a far field radiation model, generally in the
form of an integral representation. In this work, the far field directivity is estimated via
an integral solution of the Ffowcs Williams-Hawkings (FW-H) equation [8]. The
exhaust geometry is assumed axisymmetric and the mean flow axisymmetric with no
swirl component. The acoustic waves are represented by a Fourier series in the
circumferential direction. For an individual circumferential mode, the wave
propagation can be represented by 2.5D form of the LEE.
The model is applied to a study of the radiation of an acoustic wave from a generic
engine bypass duct. At a matching region inside the duct, a spinning acoustic wave of
circumferential order m = –13 and comprising five radial modes (n = 1 – 5) is admitted
into the model as inputs on the boundary of the computation domain. The radiation of
these acoustic modes through the exhaust geometry and mean flow are determined, with
the effect of acoustic treatment, modeled using a time domain impedance boundary
condition, also examined. The propagation within the bypass duct is compared to a
semi-analytic Multiple Scales (MS) solution [9] provided by S. Rienstra and N.
Ovenden of the Technical University of Eindhoven.
2. DESCRIPTION OF MATCHING, PROPAGATION AND RADIATION
The basic problem is illustrated in Fig. 1 which shows the computational domain on
which the near field CAA propagation calculation is performed. To admit the acoustic
modes propagating inside the bypass duct into the CAA propagation region, a matching
process is used, in the form of an absorbing zone. The absorbing zone also fulfills the
task of damping outgoing spurious waves [l0]. An absorbing boundary is also placed
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around the outer boundaries of the domain to reduce spurious numerical reflections.
The FW-H integral surface surrounds the engine.
2.1. Propagation
Assuming small perturbations about a steady mean flow, acoustic wave propagation can
be modeled by the LEE. For a typical engine geometry, it is more convenient to
formulate the LEE in a cylindrical coordinate system. Solutions of the full 3D equations
are expensive. However, assuming that the acoustic disturbances are restricted to the
blade passing frequency and its harmonics, it is possible to write the disturbances at
each frequency in terms of a Fourier series of circumferential modes. For example, the
axial velocity disturbance u′ can be represented by
(1)
where m represents the circumferential mode, θ the circumferential angle and k the
angular frequency. Utilising eqn (1), the propagation of each individual mode about the
assumed axisymmetric mean flow is described by a set of equations that may be solved
on a fixed circumferential plane, termed the 2.5D LEE,
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Figure 1: Illustration of problem setup.
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(4)
(5)
(6)
The superscript (′) and subscript (0) denote perturbation and mean properties
respectively. The variables ρ,p,u,υ,w are density, pressure, axial, radial and
circumferential velocities, respectively. For convenience, the spinning mode number m
is dropped from the subscript of the variables in eqns (2) to (6). The fluid is modeled as
a perfect gas. Eqn (5) is cast in terms of w′t (=∂w′/∂ t). Solutions of the 2.5D LEE
equations only require two extra arrays for w′t (n) and w′t (n+1) where n stands for time step.
The boundary treatment for w′t is the same as that for w′. The w′ velocity is recovered
after each time step. The interaction of the unsteady perturbations with the sheared exhaust
flow can lead to the development of modes that are linearly unstable. To avoid
the generation of such modes the radial mean derivative terms are excluded 
from the equations within the shear layer region, as in Zhang et al.[5].
As the engine exhaust geometry contains curved walls, a body-fitted curvilinear grid
is used. The solution of eqns (2) to (6) on the curvilinear grid in physical space (x, y) is
transfered to a uniform mesh in the computational space (ξ, η), using the mapping
(7)
The first order spatial derivatives in eqns(2) to (6) are then evaluated using the chain
rule of differentiation
(8)
(9)
The transformation metrics are related to the inverse metrics through the relations
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where the transformation Jacobian is given by
(11)
The mean flow derivative terms have been omitted from eqns (2) to (6). These may act
as source terms if the mean flow and acoustic solvers are not consistent. However, as
an inviscid model is assumed for the acoustic propagation, these source terms are in any
case not consistant with the viscous mean flow and are omitted. The consequences of
these assumptions are to be addressed in a future work.
2.2. Radiation
An integral solution of the FW-H equation is implemented numerically to allow the near
and far field noise levels to be determined efficiently. The FW-H formulation is attractive
in comparison to other integral methods as it permits the passage of hydrodynamic
disturbances through the integration surface without affecting the acoustic field, and
therefore affords a greater degree of flexibility in positioning the surface than the Kirch-
hoff method [11]. The particular integral solution implemented is known as formulation
1A following Farassat [12]. The FW-H implementation has been previously validated
with analytic solutions to the problem of acoustic radiation from a circular unflanged
duct [4, 5]. Comparisons have also been made with a finite element/ infinite element
code for the case of acoustic radiation from a realistic engine intake with mean flow [6].
2.3. In-Duct matching
To initiate the problem, noise generated in the fan region of a turbofan engine needs to
be admitted into the CAA propagation region at a suitable point within the bypass duct.
A recent work by Ovenden and Rienstra [13], based on modal decomposition across
three neighbouring axial interfaces, is shown to be an accurate and robust method of
matching the fan assembly noise source region to the CAA propagation region. In this
work the propagation of a single set of duct acoustic modes generated by a realistic fan
assembly are simulated. To achieve this the duct modes are introduced into the CAA
domain through a wave admission region. This is a region of overlap between a
computational fluid dynamics (CFD) noise source region and the CAA propagation
domain. The admission region is illustrated in Fig. 2, which shows the bypass duct
region aft of the fan assembly.
The admission region is formed from an absorbing zone boundary conditionf [10].
The input is the time-varying downstream propagating acoustic wave formed in the
duct. The density, velocity and pressure components of the acoustic wave are specified.
For example, the pressure component is specified as follows
(12)
where A
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is the mode amplitude, µ
n
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a
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setting the input pressure wave as a target solution and damping to this solution after
each timestep. This takes the form of an explicit formulation in the present work,
(13)
where Q is the solution vector computed after each time step and Q the updated
solution. The absorbing coefficient, σ, varies smoothly according to the function,
(14)
where L is the width of the buffer zone, xb, is the scalar distance from the inner
boundary of the absorbing zone and σ
max
and ß are set coefficients which determine the
shape of the absorbing function.
3. NUMERICAL METHODS
3.1. Numerical solver
The LEE numerical solver uses a 6th-order prefactored compact scheme [7] to calculate
spatial derivatives and a 4th-order 4/6 stage explicit Runge-Kutta scheme [14] for time
integration. A slip-wall boundary condition is used for the hard duct walls. The
inclusion of acoustically treated surfaces are modeled using a time domain impedance
boundary condition. Absorbing zones are placed around the boundary of the physical
computational domain to provide non-reflecting boundary conditions. Inside the duct,
an absorbing zone, with a width of at least one acoustic wavelength, is used to absorb
any spurious numerical waves as well as acts as a wave admission region. A 3D integral
surface needs to be constructed to evaluate the far field noise level. The full 3D data is
generated from the 2.5D LEE solution by expanding the Fourier series representation
of eqn (1) in the circumferential direction. For the computation of the mth
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Figure 2: Schematic of in-duct matching.
Admission region
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circumferential mode, a total of m × N patches in the circumferential direction are used,
where N is time steps per modal period.
3.2. Time domain impedance boundary condition
The presence of an acoustic lining is modeled using a time domain impedance boundary
condition. The impedance relates the normal acoustic particle velocity at the wall to the
acoustic pressure and is a frequency dependent complex function. A general frequency
domain boundary condition is given by Myers [15],
(15)
where x is the position vector, v the velocity vector, nˆ is the unit normal vector of the
liner surfacer and Z the impedance. Direct conversion of the impedance boundary
condition to the time-domain creates a number of difficulties due to the frequency
dependent behaviour of the acoustic lining, the requirement that the causality condition
be satisfied and the solution of convolution integrals. In this work, the method of
Özyörük et al.[16] is applied where the time-shifting and convolution properties of the
z-transform are used to formulate a time domain impedance boundary condition as a
series of digital filter-type operations. The general time domain impedance boundary
condition using a backward time difference operator is given by
(16)
where
(17)
and L
s
is a spatial operator given by L
s
= v0·∇ – nˆ · (nˆ · ∇v0). The coefficients al, bk are
determined from the z-domain representation of the impedance function. In this work,
all simulations are for time-harmonic sources and a single-frequency impedance
function is used
(18)
where R0 and a, b are coefficients representing the liner resistance and reactance at the
specified frequency k. The corresponding z-domain representation of eqn (18) using a
backward time difference operator is then
(19)
where the z-domain coefficients are related to the impedance resistance and reactance
through the relations
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(20)
The impedance boundary condition implementation has been validated using a number
of test cases. In particular, comparisons have been made to a semi-analytic mode-
matching scheme for the case of acoustic propagation down an infinite circuler duct
with a finite lined section. Reference is made to a previous work by the authors where
validation results are presented [17].
4. NOISE RADIATION FROM A BYPASS DUCT
4.1. Computational grid
The computational grid used is a structured multi-block grid generated using the
commercial grid generation software GRIDGEN. The grid is formed from twenty three
blocks and comprises a total of 140,000 grid points. The grid point distribution is such
that the lowest grid resolution within the domain is approximately 21 points per
acoustic wavelength. This is above the minimum grid resolution of 12 points per
wavelength found to be necessary for accurate computations [6]. Running on a single
Pentium III l.8Ghz processor, the sequential acoustic nearfield and FW-H far-field
calculations take just under 4 hours to compute. The same grid is used for the meanflow
and acoustic calculations.
4.2. Mean background flow
The background mean flow of the generic bypass duct test case was determined from
the solution of the Reynolds Averaged Navier-Stokes (RANS) with k – ω turbulence
model using the FLUENT commercial flow solver. The mean flow in the vicinity of the
engine is illustrated in Fig. 3 in terms of the Mach number contours. For the present test
case, the mean flow conditions in the core exhaust duct are the same as those in the
bypass duct. Both ducts have an in-duct axial Mach number of 0.338. The exhaust
a R a t b t
a
0 0
1
/
(
= + +
= −
∆ ∆
R a t
a a t
0
2
2 / )
/
+
=
∆
∆
230 Computation of fan noise radiation 
2
1.5
1y 
(m
)
x (m)
0.5
x1x2 x3 x4
0
1 2 3 4 5 6
0.02
0.07
0.11
0.15
0.20
0.24
0.28
0.33
0.37
0.41
Mach
Figure 3: Mean Mach number distribution of the generic test case.
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stream is issued into a stationary environment. The main features of the flow are the
regions of flow acceleration near the bypass and core exhaust exits and the shear layer
between the bypass exhaust and stationary environment. The viscous boundary layers
on the engine surfaces are removed before the acoustic calculations by extrapolating the
inner flow solution to the surface. Hence, the only viscous features resolved in the
acoustic computations are the bypass and core shear layers.
4.3. Acoustic waves
The radiation of an acoustic wave generated by the interaction between a rotor wake
and stator is simulated. The wave has circumferential order m = –13 and a frequency
of 1562.7Hz. The first five radial modes are cut-on. This time-harmonic wave is
specified within the absorbing zone which forms the inflow boundary of the CAA
computation. The properties of the five constituent radial modes are summarised in
Table 1, which states the radial mode number, fequency, helmoltz number, radial
eigenvalue, axial wavenumber and cut-on ratio, respectively.
4.4. In-Duct computation
The generic case study allows for a segment of the bypass duct to be analysed where
predictions exist for both the CAA and MS computations. This arrangement enables
validation of the current method. The CAA predicted radial in-duct acoustic pressure
profiles at four axial locations, x = 0.55, 0.7, 1.0 and 1.5 metres are presented in Fig. 4
together with the results from the MS computation. The results of both methods are in
close agreement at x = 0.55 and 0.7 metres. These positions are located inside the
bypass duct in a section where the axial variation of the duct geometry is small
compared to the acoustic wavelength. Further along the duct at x = 1.0 and 1.5 metres,
some discrepancies start to appear. This is expected as the relatively large variation of
the duct geometry at this axial location invalidates the underlying assumption of the
MS code. Also, the CAA computation admits the diffracted waves from the lip of the
duct into the duct region, which makes the comparison more difficult. It should be
noted that there appears a slight deviation from the MS incoming wave at x = 0.55
metres where the matching between the CAA and MS computations takes place. The
deviation exists near the inner wall of the duct. The cause of the deviation is attributed
to the reflected waves inside the duct propagating upstream and out of the inflow
matching zone.
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Table 1: Summary of the input acoustic waves, m = –13, k = 28.3179.
n ƒ(Hz) k ky ka 
1 1562.7 28.3179 10.6013 19.1132 2.8383
2 1562.7 28.3179 14.0094 17.4866 2.1478
3 1562.7 28.3179 16.4989 15.9284 1.8237
4 1562.7 28.3179 19.7146 13.3448 1.5263
5 1562.7 28.3179 23.7191 8.8640 1.2686 
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In Fig. 5, wave propagation patterns within the bypass duct are plotted for the five
individual radial modes (n = 1, 2,3,4, 5), together with the combined contribution of
the five radial modes (n = 1–5). For the n = 1 radial mode, the highest sound pressure
levels are concentrated near the outer wall of the bypass duct. For the subsequent higher
radial modes, the modal pattern becomes increasingly complex. The wave patterns
show that as each radial mode propagates along the duct towards the duct exit, the rapid
change in the duct geometry and meanflow severly distorts the mode shapes from those
in the straight duct section. The n = 5 radial mode is a particularly interesting case. In
the admission region, this mode is only just cut-on (ξ = 1.2686). As the mode
propagates along the duct it undergoes a cut-on to cut-off transition due to the changing
geometry and meanflow and does not propagate to the far-field.
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Figure 4: In-duct radial acoustic pressure profiles.
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Despite the differences between the individual radial mode predictions near the exit
plane, the combined in-duct acoustic wave patterns predicted by the CAA method and
MS method, as shown in Fig. 6, show good agreement. It can be seen that the major
features are well predicted until very close to the exit plane of the duct.
4.5. Near field propagation and far field directivity
Selected near field wave patterns are given in Fig. 7. For the n = 1 radial mode (Fig. 7(a)),
a radiation peak at 50.3 degrees relative to the duct axis is observed. There exists a
shadow interference dip angle at 55.8 degrees and a secondary radiation peak at 60.5
degrees. The far field radiation pattern is more complex than the spinning mode
radiation from a semi-infinite straight duct with a subsonic jet reported earlier by Zhang
et al [5]. This is due to the realistic geometry and mean flow, the effect of the finite
thickness shear layer and interaction with the exhaust afterbody.
Fig. 7(a) indicates that the scattering at the bypass duct exit causes some acoustic
waves to be deflected from and propagate along the surface of the afterbody. The
deflected waves propagate through the shear layer and are refracted to higher directivity
angles. The deflected waves also move along the surface of the afterbody, leading to
upstream traveling waves appearing inside the core exhaust, which are visible in Figs. 7(a)
and 7(b). For the n = 3 radial mode shown in Fig. 7(b), prominent features inside the
bypass duct concentrate near the inner wall of the duct. The deflections off the
afterbody surface become much more prominent. A single main radiation peak exists
at 58.18 degrees. To either side of the main radiation peak, there exists a number of
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Figure 6: In-duct wave propagation prediction. (a) CAA method; (b) MS method.
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small radiation peaks, separated by interference dip angles. Again upstream traveling
waves are observed inside the core exhaust duct. For the n = 4 mode (not shown), a
single main radiation peak exists at 55.76 degrees and the general radiation pattern is
similar to that of n = 3. For the highest radial mode, n = 5, there is no observable
radiation to the far field as the mode becomes cut-off near the exit of the bypass duct
(Fig. 7(c)).
The combined near field propagation pattern shown in Fig. 7(d) retains the two key
features reported above: wave diffraction from the lip of the bypass duct and reflections
off the surface of the afterbody of the generic engine. The diffraction from the lip forms
a main radiation peak. The interference of the waves off the surface of the afterbody and
subsequent refraction through the shear layer form other radiation peaks.
The predicted far field directivity is shown in Fig. 8. The n = 5 results are not
included as the mode does not propagate to the far field. It can be seen that the overall
directivity pattern in the far field is dominated by the n = 1 radial mode below 50.3
degrees. Conversely, the n = 4 mode contributes the least to the directivity at these lower
angles. The interference dip between the peak at 50.3 degrees and the overall peak at
62.4 degrees is also a characteristic of the n = 1 mode. The overall directivity peak at
62.4 degrees is not formed by a single mode, rather it is a combination of all the radiated
modes. The same can be said for the directivity at angles higher than the main radiation
peak. For this multi-mode computation, it is noted that the overall far field directivity
does not reveal sharp interference dip angles as observed in the earlier exhaust duct
computations where the shear layer is modeled as a vortex sheet [5]. Hence, there is a
broadening of the directivity content over the observation angle range due to reflections
from the afterbody and the subsequent refraction through the shear layer.
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Figure 7: Near field propagation; (a) n = 1, (b) n = 3, (c) n = 5, and (d) n = 1 – 5.
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4.6. Effect of acoustic treatment in the bypass duct and afterbody
The effect of an acoustically treated bypass duct and bypass afterbody is investigated
by the inclusion of an acoustic liner. The liner is modeled using the time domain
impedance boundary condition described earlier. The effect of acoustic treatment within
the bypass duct is simulated by an acoustic liner on the outer duct wall extending from
an axial position x = 1.25 metres to the duct lip at x = 2.55 metres and labeled ‘bypass
duct liner’ in Fig. 9. The unconventional placement of an acoustic liner on the bypass
afterbody is also examined to investigate the possibility of reducing the amount of
acoustic reflection from this surface observed for the hardwall case. The afterbody liner
extends from an axial location x = 1.46 meters to the afterbody lip at x = 3.44 metres
and is labeled ‘bypass afterbody liner’ in Fig. 9. The acoustic liner is given the fixed
specific acoustic impedance Z = 1.187 + i1.765 for all simulations. Further to the
hardwall configuration already presented (herein termed case (a)), three different liner
configuration cases are examined: case (b) bypass duct liner only, case (c) bypass
afterbody liner only and case (d) both bypass duct liner and afterbody liner
simultaneously.
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Figure 8: Far field directivity; (a) n = 1, (b) n = 2, (c) n = 3, and (d) n = 4.
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The combined modal near field sound pressure levels for the three liner cases are given
in Fig. 10. Also shown are the sound pressure levels for the hardwall case. The overall far
field directivity for the hardwall case has two radiation peaks at 50.3 and 62.4 degrees,
separated by an interference dip angle. The contour lines for this case are reasonably
smooth, suggesting good computation quality and effective non-reflecting boundary
conditions at the outer boundaries. The deflection of the radiating waves through the shear
layer is highlighted by deviations of the contours downstream of the engine.
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Figure 10: Near field propagation for modes n = 1 – 5; (a) Hardwall, (b) Bypass
duct liner, (c) Afterbody liner, and (d) Bypass duct and afterbody liner.
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The inclusion of the liner in the bypass duct (case (b)) generates a near field sound
pressure level distribution with features similar to the hardwall case, in particular, the
two radiation peaks remain. The presence of the liner within the bypass duct has the
effect of creating a slight increase in the radiation peak at the higher angle of 62.4
degrees. However, the liner has observably reduced the amplitude of the radiation peak
at the lower angle of 50.3 degrees. This is seen more clearly in Fig. 11 which contains
the corresponding far field directivity for each case. The increase in the higher angle
radiation peak magnitude is 1.8dB, whereas a 5dB reduction in the magnitude of the
lower angle radiation peak is observed. The lower angle radition peak has also been
shifted to a slightly higher angle by this liner configuration. The bypass duct liner has
significantly reduced the noise radiation from the engine at directivity angles below 60
degrees. Between the range 60 to 80 degrees the effect of the liner is less pronounced,
but more noticeable noise attenuation does occur above a directivity angle of 80 degrees.
The near field sound pressure level plot for case (c) with the afterbody liner shows
a similar trend to the results for case (b) in that the main radiation peak at the higher
angle is increased by 1.3dB, and the lower angle peak reduced, although only by 1.2dB.
The afterbody liner has the effect of smoothing the radiation peaks between 30 degrees
and 50 degrees. It also produces a relatively modest reduction in the sound pressure
level at low directivity angles below 35 degrees. However, the liner on the bypass
afterbody is less effective than the bypass duct liner in reducing the radiated noise. The
afterbody liner was expected to have a greater affect on the low angle noise radiation
than predicted. The results suggest that it is more effective to reduce the acoustic wave
amplitude before it impinges on the afterbody by dampening it inside the bypass duct,
than to try and dampen the acoustic wave on the afterbody itself.
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Figure 11: Effect of acoustic treatment on far field directivity.
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The near field sound pressure level plot for case (d) showing the effect of both the
bypass duct and afterbody liner has similar features to that of case (b) with the bypass
liner only. The main observable difference in the near field pressure contours for these
two cases is that the main radiation peak at the lower angle is further reduced in
magnitude for case (d) due to the inclusion of the afterbody liner. This is confirmed in
the directivity plot in Fig. 11 which shows that the original peak located along the 50.3
degree angle for the hard wall case has been reduced in magnitude by 7dB, compared
to only 5dB for case (b). However, similar to the other liner configuration cases, the
combined effect of the bypass duct liner and afterbody liner has had little impact on the
radiation peak located along the 62.4 degree angle. The far field directivity plots for
case (b) and case (d) are similar for radiation angles below 50 degrees. Hence the
inclusion of the afterbody liner has a negligible effect on the low angle radiation when
the bypass duct liner is present. However, the high angle directivity is markedly
different between the two cases, indicating that the afterbody liner must have some
effect on the high angle radiation. This suggests a more complex interaction between
the bypass lip diffraction and afterbody reflection than implied by the hardwall results.
In summary, the bypass duct liner has a significant attenuating effect on the acoustic
radiation at angles away from the main radiation peak at 60.2 degrees, particularly at lower
radiation angles. The addition of an afterbody liner produced only modest benefits. The
reduction of the main radiation peak may be achieved by a different liner configuration or
different liner impedance value. This may be investigated in a future study.
5. CONCLUSIONS
A study has been performed on noise radiation from the bypass duct of a generic engine.
The approach is a numerical one based on solutions of the 2.5D form of the linearised
Euler equations, using a high-order compact scheme. Wave propagation inside the
bypass duct, propagation and diffraction at the lip of the duct and in the jet flow
immediately downstream, and far field directivity are all computed. An explicit form of
a non-reflecting buffer zone condition is used to minimise the spurious wave reflections
at the domain boundaries, as well as provide an admission zone inside the bypass duct
for waves generated by the rotor-stator interaction. The far field directivity is estimated
via an integral surface solution of the Ffowcs Williams-Hawkings equation.
The radiation of an acoustic spinning mode from a generic engine bypass duct is
examined. The mean flow field is assumed to be axisymmetric. Inside the duct, an
acoustic wave of circumferential order m = –13 and comprising five radial modes (n
= I – 5) is admitted into the propagation region as input on the boundary of the
computation domain. The in-duct solution is compared to a semi-analytic multiple-
scales solution. The comparison of the two solutions is good until near the bypass
duct exit where there is a significant change in the duct geometry and the acoustic
wave diffracts around the bypass duct lip.
The overall directivity pattern in the far field is dominated by the n = 1 radial mode
below a directivity angle of 50.3 degrees. However, the overall directivity has a main
radiation peak at 62.4 degrees which is not dominated by any of the radial modes. At
angles greater than the main radiation peak, the far field level is a combination of all the
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radiated modes. For this multi-mode computation, the overall far field directivity does
not reveal sharp interference dip angles, which implies a broadening of the directivity
content over the observation angle range, largely due to the effect of the finite thickness
shear layer.
The effect of acoustic treatment within the duct and on the bypass afterbody has also
been examined. The bypass duct liner significantly attenuated the noise radiation at
directivity angles below the main radiation peak, but had little effect on the main peak
radiation magnitude. The inclusion of the afterbody liner together with the bypass duct
liner produced only small improvements in the noise attenuation. The noise attenuation
due to the bypass duct liner was the most significant.
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